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 Abstract  : Annular mode in the extratropical troposphere and stratosphere is  inves-
tigated in a numerical experiment with a simple global circulation  model. Amplitude  h0 
of a sinusoidal surface topography of zonal wavenumber one is chosen as an experimental 
 parameter  ; 10,000-day integrations are performed for each of 15 topographic amplitudes 
(0  m  ho  1,600 m). 
   The parameter sweep experiment reveals that the dominant mode of low frequency 
variability changes with  h3 in its spatial structure, temporal variability, and vertical 
development. An ideal annular mode extending barotropically from the surface to the 
stratosphere is obtained as the leading mode of the  empirical orthogonal function (EOF) 
analysis for  h0=0 m. On the other hand, the leading mode shows a zonally asymmetric 
structure of zonal wavenumber one for  h  >0 m, which is barotropic in the troposphere. 
Temporal variability and vertical development are also different among the three ranges 
in which the topographic amplitude is 0  m, small, (around 500 m) and medium (around 1,000 
m).
1. Introduction 
   It has been recently recognized that the extratropical troposphere and stratosphere 
display modes of low frequency variability (LFV) in both hemispheres whose structures 
exhibit a zonally symmetric (annular) component that extends from the surface to the 
stratosphere (e.g., Hartmann et  al., 2000). These annular modes, called the Arctic 
Oscillation (AO) in the Northern Hemisphere (NH) by Thompson and Wallace (1998, 
referred to as TW98), represent a deep signature of polar vortex modulation, which 
basically results from internal dynamics of the atmosphere. 
   Some studies have indicated that the annular modes make significant contribution to 
the troposphere-stratosphere  (T-S) dynamical coupling. Thompson and Wallace (2000) 
showed that the annular modes amplify with height (strong T-S coupling) in dynamically 
active  seasons  ; in winter for NH and in spring for the Southern Hemisphere (SH). 
Baldwin and Dunkerton (1999) examined time evolutions as well as vertical structures of 
AO, to find that the AO anomalies typically appear in the stratosphere at first and then 
propagate downward to the surface. Downward propagation of stratospheric sudden 
warmings (SSWs) was also identified (Yoden et  al.,  1999)  ; SSWs are related to the 
annular mode that accompanies zonal wind variations at all levels. Limpasuvan and 
Hartmann (2000) showed that the NH annular mode significantly modulates the passage 
of planetary-wave activity from the troposphere to the stratosphere. 
   Annular modes have been investigated in observations and general circulation
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       Fig. 1 Daily variations of the zonal mean temperature near the polar upper-strato-
          sphere  (95=86°N and  p=2.6 hPa) in the previous parameter sweep experiment 
          (adopted from Taguchi et  al., 2000). The horizontal lines denote a classification 
          of four regimes of the stratospheric variability. The dots indicate the 15 runs 
          selected for the present experiment. 
models (GCMs), but these seem too complicated to understand dynamical essence of 
annular modes, because of the various processes they include. On the other hand, 
mechanistic circulation models (MCMs), in which large-scale dynamical processes are 
explicitly described while some physical processes are simplified, are more suitable to 
clarify mechanism of the T-S coupled variability. 
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referred to as TYY) studied intraseasonal variability of the T-S system in a numerical 
experiment in which a topographic amplitude was chosen as an experimental parameter. 
They obtained 4 regimes of the stratospheric variability, dependent on the amplitude 
(Fig.  1)  ; (I) a nearly radiative-equilibrium state, (II) small undulations of the polar 
vortex (corresponding to the real  SH), (III) intermittent breakdowns of the polar vortex, 
or SSWs (to NH), and (IV) the weak and warm polar vortex. 
   In this study, we perform the same experiment as in TYY to investigate nonlinear 
nature of the T-S coupled variability (, or annular mode) and its dynamical connection 
to the stratospheric variability obtained in TYY. For the present analysis, we carry out 
10,000-day integrations for each of 15 topographic amplitudes. We here describe how 
annular mode changes in nature in terms of spatial structure, temporal variability, and 
vertical development, depending on the topographic amplitude.
2.  Model 
   The model and experimental framework in this study are basically the same as in 
TYY, and the details are documented there. The model is a 3D global primitive-
equation model (Swamp Project, 1998), which explicitly describes large-scale motions 
with a horizontal resolution of T21 and 42  a-levels (L42) from the surface to the 
mesopause. Time integrations are performed by a semi-implicit scheme, with  4t---20 
 min.. 
   Physical processes are simplified in the model. Radiative processes are expressed 
simply by a Newtonian-type thermal relaxation toward a prescribed radiative equilib-
rium state, which corresponds to a perpetual winter in the model NH. Other simplified 
processes are dry atmosphere with no moist processes, Rayleigh friction at the surface, 
dry convective adjustment, and so on. 
   A sinusoidal surface topography of zonal wavenumber one is included, and amplitude 
  of the topography is chosen as an experimental parameter as in TYY. For the 
present analysis of annular mode, we select 2 or 3 runs in each of the 4 regimes of TYY, 
which total up to 15 runs (0  m  ho  1,600 m, marked by the dots in Fig. 1). We perform 
10,000-day integrations for each of the 15 topographic amplitudes, after spin-up for the 
first 200 days from an initial state at rest.
3. Results 
a. Analysis technique 
   We use almost the same analysis as in TW98, to study the most dominant mode of 
LFV in the extratropical troposphere and stratosphere. We apply the empirical orth-
ogonal function (EOF) analysis to the surface pressure field  P, poleward of  0  =  20°N. 
Before the EOF analysis, the data are low-passed by the 31-day runnig mean and 
weighted by the square-root of the cosine of latitude. We thus extract the leading mode 
(referred to as AO or annular mode) and obtain its time series (AO index). The leading
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Fig. 2 Correlation of the surface pressure  Ps and geopotential height fields at  p=254 
   hPa and 12 hPa (Z254 and Z12, respectively) with AO index in three selected runs 
   (denoted by  tones)  :  ho=  0 m (left), 500 m (center), and 1,000 m (right). Only 
   correlations  over±0.4 are plotted. Regressions are also shown by contours. 
   Contour intervals are 2 hPa for  PS, 20 m for  z2E4, and 50  m for Z12. The surface 
   topography is shown in the right-bottom panel for  ho=1,000  m.
mode is defined as a unit vector which has negative anomaly in polar region. We then 
calculate correlation or regression of some fields with AO index, after applying the  31-
day running-mean to them.
b. Spatial structure 
   Figure 2 displays correlation (denoted by tones) and regression (contours) maps of 
the surface pressure  Ps and geopotential height (GPH) fields at p =  254  hPa and 12 hPa 
(Z254 and  Z12, respectively) with AO index in three runs of  110=0 m, 500 m, and 1,000 m. 
The leading mode explains 58.2% (h0=0 m), 30.5% (500 m), and 38.7% (1,000 m) of the
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total variance. In the run of  ho=  0 m without the topography (left), the AO anomalies 
show a very zonally symmetric, or annular, structure, alternating between the polar 
region and surrounding mid-latitudes. The vertical structure is very barotropic,  extend-
ing from the surface to the stratosphere. In the runs of  ho=500 in (center) and 1,000 m 
(right) with the topography, on the other hand, the leading modes exhibit zonally 
asymmetric patterns of zonal wavenumber one in the troposphere  (Ps and  454), with 
large anomalies over the valley of the topography (shown in the right-bottom panel). 
The GPH anomalies have barotropic structures in the troposphere, but do not in the 
stratosphere. No significant correlation or anomaly appears in the stratosphere in the 
run of  h,= 500 m, while the positive anomaly dominates the  high-latitude stratosphere in 
the run of  k  =1,000 m. 
   Such spatial structure of annular mode in the whole range of  h0 is examined in Fig. 
3, which displays correlation and regression of the zonal mean zonal wind  U] with AO 
index in each of the 15 runs. In the run of  ho  =0 m, the wind anomalies form a  bar-
otropic dipole pattern extending from the surface to the stratosphere, which corresponds 
to the barotropic annular pattern of the surface pressure and GPH fields (Fig.  2)  ; in 
positive polarity of annular mode  (i.e., negative anomaly in polar region), meridional 
GPH gradient is enhanced in high latitudes indicating stronger mean westerly wind from 
the geostrophic wind relationship, and vice versa in mid-latitudes. 
   Even if  h3 is increased up to  110=1,600 m, the barotropic dipole structure of the mean 
zonal wind anomalies is noticeable in the extratropical troposphere. This means that 
the leading mode of GPH holds the barotropic structure in the troposphere even in the 
runs with the topography (Fig. 2). But it is different dependent on  ho how the dipole 
pattern in the troposphere extends to the stratosphere. As  h, is increased to  ho  =  400 m, 
the wind anomalies bend to polar region with height. In the runs of  h0  ---500 m, no 
significant correlation or anomaly is seen in the stratosphere, consistent with Fig. 2. If 
 k is further increased  (ho Z. 800 m), the extratropical stratosphere is dominated by 
negative wind anomalies, although the correlation is not so significant.
c. Temporal variability 
   Figure 4 displays frequency distributions of  AO index (hPa) for the 10,000 days in the 
three runs of  k  =  0 m, 500 m, and 1,000 m. The frequency distribution of  AO index in the 
run of  ho =0 m (left) has a medium standard deviation (upper number) and a positive 
skewness (lower one). Note that the time mean of  AO index is zero. The positive 
skewness means that daily GPH patterns are more frequently in negative polarity of 
annular mode than in positive one, but they have anomalies of large amplitudes in the 
positive polarity. In the run of  k  =500 m (center),  AO index is not so variable but can 
sometimes be largely negative, as revealed by the small standard deviation and the large 
negative  skewness  ; the annular mode accompanies small anomalies in many days, but 
can have largely positive anomalies in polar region on occasions. The frequency 
distribution in the run of  ho  =1,000 m (right) has the largest standard deviation in the
70 MASAKAZU TAGUCHI AND SHIGEO YODEN
corr./rgrs. [U]  &  AO index
 10-1
0
 LL/ 100 
 CC 
 D 
   10/  V) 





200 300 400 500
• 
•  ,1       ,\  
, ,  
,, 
D:.4. .„
' ...1  
:Iii 
 ..6 




 w 100 
(r) 101 




I-0  100 








I  /, \  ////
800
 1300





       ................ h I 
7 •?; 
 30 60 90 0 30 60 90 0 30 60 90 
 LATITUDE  LATITUDE  LATITUDE
    -1 0 
Fig. 3 Same as in Fig. 2, but for the zonal mean zonal wind  [  U] in each of the 15 
   runs. Contour interval is 2 m  s-'.
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Fig. 4 Frequency distribution of AO index (hPa) for the 10,000 days of the three  runs  : 
 ho=  0 m (left), 500 m (center), and  1,000 m (right). The upper and lower numbers 
   in each  panel are standard deviation and skewness, respectively.

































  20 I " I'60 0           500 1000 1600 
 h0  (M) 
Fig. 5 Frequency distribution of AO index (hPa) in a gray-scale plot for the 10,000 
   days in the 15 runs (top). Standard deviations and skewnesses are also shown by 
   solid and broken lines, respectively, as functions of  h0 (bottom).
three runs, and a negative skewness. 
   Such statistical features of AO index are systematically seen in some ranges of  ho 
in Fig. 5, which displays a gray-scale frequency distribution of AO index as a function of 
 ho (upper panel). Standard deviations and skewnesses are also shown in the lower panel. 
It is confirmed that the frequency distribution in the run of  h0=0 m has the medium 
standard deviation (solid line in the lower panel) and the positive skewness (broken line). 
The second range (200  m  ho  _700 m) is characterized by the distributions near the 
positive mode close to zero. Standard deviations are smallest, while skewnesses are 
negative in this range  (cf  . Fig. 4, center). The third range (800  m  ho  1,000 m) is 
distinct in that AO index is most variable (largest standard deviations), with the negative 
skewnesses. If  ho is in the fourth range (1,100 m  ho  <1,600 m), the modes are negative 
while the skewnesses turn to positive.
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Fig. 6 Time-height sections of the AO signature in the first 1,000 days of the three 
 runs:  ho=0 m (top), 500 m (center), and 1,000 m (bottom). Only contours of 0, 
 +0,5,  +1,  +1.5,  +2 are drawn.
d. Vertical development 
   Since AO index is based on the surface pressure field, we can not examine vertical 
development of annular mode only by it. To do this, we employ the AO signature as in 
Baldwin and Dunkerton (1999). The AO signature  a, which minimizes  I  Zp(t)—  an°  12, 
is a best fit of the AO pattern  zpo at a pressure level p to daily GPH maps  Zp(t) on day 
t at the level. Here, the AO pattern  ZP° is defined as a regression map of  Zp with AO 
index (such as Fig. 2). In other words, a is a measure of how close daily GPH maps are 
to the AO pattern. We calculate a for every day of the 10,000 days at each level in the 
15 runs, which results in a as a function of time and pressure. 
   Figure 6 displays time-height sections of a for the first 1,000 days in the three runs 
of  110=0 m, 500 m, and 1,000 m. In the run of  hi,  0 m, the AO signature shows a smooth 
upward propagation from the surface to the upper stratosphere. This indicates that the 
AO anomalies first appear at the surface and then propagate upward to the stratosphere. 
A lag-correlation analysis of the AO signature (not shown), applied to the whole  10,000-
day period, reveals that the upward propagation is very strong (the correlation of a 
between the surface and all other levels exceeds 0.8 everywhere) and that the time lag is
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about 20 days between the surface and the upper stratosphere. 
   In the two runs of  h0 = 500 m and 1,000 m, on the other hand, the AO signature does 
not usually show smooth linkage between the troposphere and the stratosphere. Large 
AO signatures appear only in the troposphere or in the stratosphere on many days. The 
 lag-correlation shows that the stratosphere leads the troposphere by about 20 days in 
appearance of annular mode in the run of  J  =  500 m, although the correlation is no more 
than 0.2 between the troposphere and the stratosphere. In the run of  k  =1,000 m, 
conversely, the troposphere leads the stratosphere by one month, with a strong correla-
tion over 0.5. A typical example of the upward connection is seen around day 50.
4. Summary and Discussion 
   We have investigated annular mode in the extratropical troposphere and strato-
sphere in a numerical experiment with a simple global circulation model under a 
 perpetual-winter condition. We change amplitude  ho of a sinusoidal surface topography 
of zonal wavenumber one, to examine relative importance of forced planetary waves to 
annular mode which interact with the zonal mean zonal wind and baroclinic waves in the 
 troposphere  ; 10,000-day integrations are performed for each of 15 topographic ampli-
tudes (0  m<  ho 1,600 m). 
   We have shown in the parameter sweep experiment that annular mode changes with 
the topographic amplitude in its spatial structure, temporal variability and vertical 
development. These drastic changes are all due to planetary waves forced by the 
topography.  In the run of  h9=0 m in which no topography is included, we obtain an 
ideal annular mode as the leading mode of the EOF analysis. The leading mode exhibits 
a purely zonally symmetric structure extending barotropically from the surface to the 
stratosphere. The primary component of the mode  (AO index) has a comparatively 
medium standard deviation and a positive skewness. 
   If the surface topography is included  (ho  >  0 m), on the other hand, the leading mode 
consists of annular anomaly in polar region and zonally asymmetric anomaly of zonal 
wavenumber one in mid-latitudes. The vertical structure is still barotropic in the 
troposphere, while it is not from the tropopause to the stratosphere and is different on 
 h0. The annular mode does not have significant anomaly in the stratosphere for small 
topographic amplitudes (around 500 m), but have large anomalies for large amplitudes 
 ( 800  m), which bend from mid-latitudes to polar region with height. Temporal varia-
bility of the annular mode for  ho>  0 m is characterized by negative skewnesses in a wide 
range of 200  m<  ho  <1,000  m  ; the annular mode is more frequently in its positive polar-
ity, but has larger anomalies in its negative polarity. 
   The vertical development of the annular mode is also different between the three 
representative runs of  h0  =0 m, 500 m, and 1,000 m. In the run of  h,  =0  m, the  AO 
signature shows a smooth upward propagation from the surface to the  stratosphere  ; the 
AO anomalies typically appear first at the surface, and then propagate upward to the 
upper stratosphere for about 20 days. On the other hand, the annular mode is not so
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closely coupled between the troposphere and the stratosphere for  h0  =  500 m, while it is 
for  he  =1,000  m  ; the troposphere leads the stratosphere by about one month in appear-
ance of the annular pattern. 
   The ideal annular mode obtained for  he=0 m, accompanying the barotropic dipole 
pattern of the zonal wind anomalies, corresponds to the zonal flow vacillation, which has 
been extensively investigated in both observational and numerical studies in the context 
of the real SH (e.g., Yoden et  al.,  1987  ; James and James, 1992). This correspondence 
supports that the annular mode in this run or in the real SH is contributed by the 
interaction between the zonal mean zonal wind and baroclinic waves  (Limpasuvan and 
Hartmann, 2000). 
   The barotropic dipole pattern of the zonal wind anomalies is obtained in the tropo-
sphere even for  ho  >  0 m. This indicates that the seesaw between polar region and mid-
latitudes, or the zonal flow vacillation, exists even in the presence of the topography. 
But the zonal asymmetry in mid-latitude, which is a direct result of planetary waves 
forced by the topography, means that the planetary waves also make significant contribu-
tion to LFV in the  troposphere  ; the waves must accompany zonally asymmetric zonal 
momentum flux. 
   Temporal variability of the tropospheric annular mode is characterized by the 
positive skewness for  ho  =  0 m while by the negative skewnesses for 0 m <  ho  _<1,000 m. 
The existence of the non-zero skewnesses suggests that the (baroclinic or planetary) 
wave-mean flow interaction works in different ways between positive and negative 
polarities of the annular mode. This is possible at  least in the runs of  he  >  0 m, because 
not only planetary-wave propagation but also  planetary-wave forcing by the topography 
are related to the polarity of the  mode  ; larger planetary waves are forced in the positive 
polarity, when the tropospheric jet shifts poleward (Taguchi and Yoden, 2001). Further-
more, the reversal of sign of the skewness with  he suggests that there are different 
mechanisms controlling LFV in the troposphere between the runs of  110=0 m and  he>  0 
m. 
   The differences of the vertical structure of the tropospheric annular mode to the 
stratosphere and of the vertical development are consistent with the result in TYY that 
the T-S coupling is different among the 4 regimes of the stratospheric variability. TYY 
expressed the vertical coupling as the slave stratosphere to the troposphere for  k  =  0 m, 
the independent stratosphere from the troposphere for small  h0  (-500 m) and two-way 
interaction between the troposphere and the stratosphere for large  he  (Z1,000 m). In the 
run of  h0=0 m, stratospheric  planetary-wave variability is forced by baroclinic eddies in 
the troposphere (Scinocca and  Haynes, 1998), while the AO signature propagates from 
the troposphere to the stratosphere. These suggest that the tropospheric variability 
generates the stratospheric one also in the annular mode, which may be related to the 
planetary-wave forcing by baroclinic eddies. 
   The T-S coupling of annular mode is weak for small topographic amplitudes  (-500 
m), while strong for large ones  (..,1,000 m). This indicates different ways between the 
two regimes how the stratospheric variability, characterized by the small undulations of
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the polar vortex in the former range (like the real SH) and by its intermittent break-
downs  (, or SSWs) in the latter (like the NH), is correlated to the tropospheric annular 
mode. 
   TYY showed that the regime (II) around  ho = 500 m corresponds to the real SH in the 
intraseasonal variability of the winter stratosphere, while the regime  (III) around  ho = 
1,000 m does to the real NH. This correspondence holds for annular  mode  ; annular 
variability is confined in the troposphere in the regime (II), while it extends in the 
troposphere and also stratosphere in the regime (III). These features are seen in the real 
SH and NH, respectively, during winter (Thompson and Wallace, 2000). But it is not the 
purpose here to estimate the real topography in terms of the idealized topography, 
because the results obtained here depend on the basic temperature field used for the 
Newtonian relaxation. 
   Finally, it should be mentioned that the vertical development of annular mode is 
downward propagation in the real NH (Baldwin and Dunkerton, 1999). Although the 
run of  II,  =1,000 m in the present study corresponds to the real  NH in the intraseasonal 
variability of the winter stratosphere (TYY), the vertical development is rather upward. 
This discrepancy may be related to the vertical structure of annular mode. The AO 
anomalies are barotropic in the real NH stratosphere (Baldwin and Dunkerton, 1999, Fig. 
1), while they are not in the model stratosphere, which may result from that the surface 
has an extremely large topography in zonal scale (m  =1) and height  (ho  =1,000 m).
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